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The charge transport properties of the low-dimensional thermoelectric materials K2Bi8−xSbxSe13

�0�x�8� were studied as a function of temperature and composition. The Seebeck coefficient
shows an evolution from n- to p-type character with increasing incorporation of Sb, and at the same
time the temperature dependence of the electrical conductivity changes from that of a degenerate
semiconductor to that of an intrinsic or compensated semiconductor. These changes, however, are
not monotonic with composition due to the nonuniform substitution of Sb atoms at the Bi sites of
the structure. Three separate composition regions can be assigned depending on x each with
different charge transport characters. Electronic transport in K2Bi8−xSbxSe13 was analyzed on the
basis of the classical semiconductor theory and discussed in the context of recent band calculations.
The results suggest that the K2Bi8−xSbxSe13 materials possess coexisting domains with semimetallic
and semiconducting characters whose ratio is influenced by the value of x and by local defects. The
extent and relative distribution of these domains control the charge transport properties. Electron
diffraction experiments performed on samples of K2Bi8−xSbxSe13 with x=1.6 show evidence for
such domains by indicating regions with long range ordering of K+/Bi3+ atoms and regions with
increased disorder. The semiconducting behavior is enhanced with increasing x �i.e., Sb/Bi ratio� in
the composition through a decrease of the semimetallic fraction. © 2006 American Institute of
Physics. �DOI: 10.1063/1.2365718�

I. INTRODUCTION

Thermoelectric devices are based on heavily doped
semiconductors and can be used for cooling or electricity
generation directly from a heat source. A broad search is
under way to identify materials with enhanced thermoelectric
�TE� properties. Interest is now focused on materials with
high figure of merit1 at high temperatures for direct energy
conversion. Several classes of materials are currently under
investigation, including complex chalcogenides,2,3

skutterudites,4,5 half-Heusler alloys,6 metal oxides7 and inter-
metallic clathrates.8 �-K2Bi8Se13 is a chalcogenide with
many attractive features that make it promising for thermo-
electric applications.9–11 This compound has crystal and elec-
tronic structures12 that can lead to a high Seebeck
coefficient13 and low thermal conductivity that arises from a
large, low symmetry unit cell and weakly bound K+ ions in
cages �“phonon glass-electron crystal” conjecture�.14 �
-K2Bi8Se13 has a low symmetry monoclinic structure10 that

includes two different interconnected types of Bi/Se building
blocks �the so-called NaCl�100� and NaCl�111� types� and K+

atoms in tunnels. The two different Bi/Se blocks are con-
nected to each other at special mixed-occupancy K/Bi sites
that seem to be crucial in defining the electronic structure
near the Fermi level and consequently govern the electronic
properties. This is supported by the results of ab initio den-
sity functional band structure calculations on this
compound.12 Its highly anisotropic structure results in
needlelike morphology along the b crystallographic axis.

Charge transport and thermal conductivity measurements
on doped �-K2Bi8Se13 showed very low thermal conductiv-
ity ��1.3 W/m K� and relatively high power factor �S2�
�12 �W/cm K2�.10 The Seebeck coefficient is negative, in-
dicating an n-type character, while its temperature depen-
dence as well as that of electrical conductivity suggests a
highly degenerate semiconductor. The charge transport prop-
erties have also been studied under pressure, where a signifi-
cant increase in the power factor as well as a peak in the
Seebeck coefficient was observed, suggesting electronic to-
pological transition upon compression.15

In general, the formation of solid solutions is a common

a�Present address: Department of Physics, John Carroll University, Univer-
sity Heights, OH.

b�Electronic mail: m-kanatzidis@northwestern.edu

JOURNAL OF APPLIED PHYSICS 100, 123704 �2006�

0021-8979/2006/100�12�/123704/11/$23.00 © 2006 American Institute of Physics100, 123704-1

http://dx.doi.org/10.1063/1.2365718
http://dx.doi.org/10.1063/1.2365718
http://dx.doi.org/10.1063/1.2365718


strategy to minimize the thermal conductivity and improve
the thermoelectric performance of materials. Solid solutions
based on the �-K2Bi8Se13 structure can be achieved via sub-
stitution at the heavy metal sites �i.e., K2Bi8−xSbxSe13�,

16 the
chalcogenide sites �i.e., K2Bi8Se13−xSx�,

17 as well as at the
alkali metal sites �i.e., K2−xRbxBi8Se13�.

18 Crystallographic
studies show that partial substitution of Bi/Sb �Ref. 19� as
well as K/Rb �Ref. 18� results in a nonuniform distribution
of these atoms in the structure because of specific lattice site
preferences of the substituting atoms. In contrast, Se/S
distribution17 was found to be more uniform throughout the
structure, suggesting homogenous solid solutions in this
case. The Bi/Sb partial substitution decreases the lattice ther-
mal conductivity20 of the compounds due to the mass and
strain fluctuations introduced in the lattice.

In a previous work,16 the charge transport properties of
selected members of the K2Bi8−xSbxSe13 series displayed
strong anisotropy and indicated the importance of growing
highly oriented ingots. Moreover, compounds with low Sb
content showed a degenerate semiconductor behavior with
very high free carrier concentration �1020 cm−3. Investiga-
tions in the Bi rich region have shown that samples prepared
with Se excess have better thermoelectric properties due to
the higher electrical conductivity.16

In the present work, we examine the charge transport
properties of K2Bi8−xSbxSe13 prepared with Se excess in
more detail and over a greater range of x. The aim was to
understand the origin of the observed transport behavior
�e.g., high free carrier concentration� and its characteristics.
The charge transport properties have been interpreted in the
light of recent band structure calculations on K2Bi8Se13 and
in reference to the effect and extent of disorder between the
K/Bi metal atoms. The calculations indicated that, depend-
ing on how the K and Bi atoms are arranged in the mixed
occupancy lattice sites, an energy gap may or may not appear
at the Fermi level. Therefore, there exist two extreme vari-
ants of the band structure from a semimetal �band overlap� to
semiconductor �band gap� based on the K/Bi arrangements.

To explain the charge transport properties we suggest a
hybrid model involving both variants. Namely, a detailed
analysis of the carrier concentration as well as of the Seebeck
coefficient shows that the properties can be understood with
a finite-gap semiconductor model that contains a significant
concentration of shallow donors. The donor states likely
originate from defects created by local disordering between
K and M �Bi and Sb�. We present experimental evidence,
through electron beam diffraction, of a long range order of
K/Bi atoms mixed with variable local atomic disorder. Fur-
thermore, our results show that the higher the Sb concentra-
tion in K2Bi8−xSbxSe13 is, the more pronounced the semicon-
ducting behavior is as manifested by an increase of the band
gap. The Seebeck coefficient of the compounds with x
�5.6 is negative at all temperatures. When x�5.6, the com-
pounds show a crossover from n-type to p type with the
decreasing temperature. The implications of this unique be-
havior on achieving a high thermoelectric figure of merit are
discussed.

II. EXPERIMENT

A. Sample preparation

K2Bi8−xSbxSe13 samples were prepared with 0.2 wt % Se
excess by mixing potassium metal, bismuth, antimony, and
selenium which were loaded into a silica tube. For example,
a K2Bi8−xSbxSe13 �x=1.6� with 0.2% Se excess was prepared
by mixing 0.271 g K �6.9 mmol�, 5.086 g Bi �24.3 mmol�,
0.741 g Sb �6.1 mmol�, and 3.911 g Se �49.5 mmol�. All
manipulations were carried out under a dry nitrogen atmo-
sphere in a Vacuum Atmospheres Dri-Lab glove box. The
charged silica tube was flame-sealed at a residual pressure of
�10−4 Torr and heated to 850 °C over 12 h and kept there
for 1 h, followed by cooling to 50 °C at −15 °C/h. Highly
oriented ingots with needlelike morphology were grown with
a modified Bridgman technique.21 The purity of phases for
the solid solutions was confirmed by comparison of x-ray
powder diffraction patterns to the calculated ones using
CERIUS

2 software.22

B. Transmission electron microscopy

Selected area electron diffraction �SAED� measurements
were performed on single crystals. The sample was mounted
on a copper slotted grid and ion milled. Transmission elec-
tron microscopy �TEM� was performed on a JEOL JEM-
2200FS electron microscope.

C. Charge transport measurements

Transport property measurements were performed in a
cryostat equipped with a radiation shield from 4 to 300 K.
Electrical conductivity, Hall effect, and thermopower mea-
surements were carried on the same sample. The sample’s
typical size was 3�3�5 mm3. Electrical conductivity mea-
surements were performed using a steady-state four-probe
technique. The Hall effect was measured with the aid of a
Linear Research bridge operated at 16 Hz excitation in a
cryostat equipped with a magnet capable of fields up to
5.5 T. The Seebeck coefficient was determined using a lon-
gitudinal steady-state method over the temperature range of
4–300 K. The samples were attached �using either a low
melting point solder or silver-loaded epoxy� to the cold tip of
the cryostat with a thin-film resistor on the other �top� end
that served as a heater. The temperature difference across the
sample was measured using a differential chromel-
constantan thermocouple and the Seebeck voltage was mea-
sured with thin copper wires, the thermopower of which was
calibrated against a high-Tc superconductor up to 134 K, and
against Pb at higher temperatures.23 Thermopower measure-
ments were also extended to higher temperatures
�300–700 K� with a programmable Seebeck controller
SB100 from MMR Technologies, Inc. using constantan wire
as reference. An electric current and heat gradient were ap-
plied along the needle direction �crystallographic b axis�.

III. RESULTS AND DISCUSSION

Charge transport measurements were carried out on the
K2Bi8−xSbxSe13 series for the compositions with x=0.8, 1.6,
2.4, 4.0, 5.6, and 8.0. The main goals were to understand the
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underlying physics of charge transport in these complex ma-
terials. Of particular interest was the effect of Sb incorpora-
tion. The room temperature values of the Seebeck coefficient
and electrical conductivity are given in Table I. Typical val-
ues for the electrical conductivity and Seebeck coefficient as
a function of temperature are presented in Fig. 1. On the
Bi-rich side of the composition both the conductivity and
Seebeck coefficient appear typical for heavily doped semi-
conductors; a nearly monotonic decrease in electrical con-
ductivity and a corresponding increase in absolute value of
the Seebeck coefficient are observed. The mid x-range mem-
ber �x=4.0� shows a substantially lower conductivity,
whereas the Seebeck coefficient has the same trend with the
Bi-rich members, though higher in absolute values. It is clear
that on the Bi-rich side of the composition, when the Sb
content is increased the free carrier concentration is reduced.

When the Sb content is further increased, the material
changes behavior completely. At x=5.6, the description is
totally transformed from a heavily doped system into a typi-
cal semiconductor with thermally activated electrical con-
ductivity. There is a change in the sign of the Seebeck coef-
ficient to positive which with rising temperature changes to
negative indicating that the Fermi level is close to the middle
of the gap. This is consistent with the temperature depen-
dence of conductivity �see below�.

A. Structure and charge transport

The three-dimensional structure of �-K2Bi8Se13 includes
two different interconnected types of Bi/Se rod-shaped
building blocks and K+ atoms in tunnels, see Fig. 2. The
so-called NaCl�100�-type and NaCl�111�-type blocks are struc-
tural fragments, interconnected to form a steplike structure
along a axis. NaCl�111� type blocks are bridged to
NaCl�100�-type Bi/Se building blocks through sharing the
M�8� atom. The blocks are also connected at M�9� metal
sites with an M–Se bond. In K2Bi8Se13, the M�8� and M�9�
are specially high �8 or 9� coordination sites that are mixedly
occupied by K and Bi atoms.

Figure 3 shows the variation of free carrier concentration
with temperature based on Hall Effect measurements for the
Bi-rich �x=0.8� member prepared with Se excess as well as
data from Ref. 16 for the pure member �i.e., prepared with-
out Se excess�. Both sets of data exhibit a similar tempera-
ture behavior. The Hall coefficient is negative in value and
suggests an n-type material that is in agreement with the
Seebeck coefficient measurements. The Hall coefficient val-
ues are low at low temperature �RHall�5 K�=−0.0564 cm3/C�
and the corresponding carrier concentration �n=1/ �RHalle�� is
high, on the order of 1020 cm−3. High carrier concentrations
at low temperatures are routinely observed in the Bi-rich
members of the K2Bi8−xSbxSe13 family.16

For comparison the temperature dependence of the free
carrier concentration in Bi2Se3 samples is also included in
Fig. 3. The difference between the two compounds is clear.
The transport properties in Bi2Se3 can be understood within
the framework of a narrow gap semiconductor but, as we
will show below, this is not the case for the K2Bi8−xSbxSe13

series. In Bi2Se3 �lower set of data in Fig. 3� the free carrier
concentration24 is typically �1019 cm−3. Due to the small
value of Eg �0.30 eV�, the transport properties are better de-
scribed with a Kane model.25,26 The origin of the free carriers
in Bi2Se3 is usually attributed to Se vacancies although anti-
site defects could also contribute.27 A higher free carrier con-
centration in Bi2Se3 can be achieved either by doping26,28 or
with treating the compound with hydrazine.29,30 Even at very
high carrier concentrations ��1020 cm−3�, the transport prop-
erties in Bi2Se3 are consistent with a heavily doped n-type
semiconductor transport with a Kane-type description of the
conduction band.26,30

The carrier density in K2Bi8−xSbxSe13 �x=0.8� increases
slightly from the already high electron count of 1.1
�1020 cm−3 measured at 5 K to 1.7�1020 cm−3 at room
temperature, which is by a factor of 10 higher than in pristine
Bi2Se3. The origin of high free carrier concentration in

TABLE I. Room temperature values of the Seebeck coefficient �S� and
electrical conductivity ��� of K2Bi8−xSbxSe13 series.

x S �� V/K� � �S/cm�

0.8 −92 495
1.6 −74 746
2.4 −98 382
4.0 −161 56
5.6 −366 51
8 +730 0.01

FIG. 1. �a� Electrical conductivity and �b� Seebeck coefficient for selected
members of �-K2Bi8−xSbxSe13 series in the temperature range of 4–300 K.
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K2Bi8−xSbxSe13 compounds is different from that in Bi2Se3

and will be discussed in detail below. Furthermore,
K2Bi8−xSbxSe13 compounds exhibit a much higher
anisotropy,8 along and across the macroscopically developed
needles, and electron transport would more resemble a quasi-
one-dimensional system whereas Bi2Se3 is clearly two-
dimensional.

1. Basic model for the electron transport

In a typical semiconductor the electron carrier concen-
tration �n� in the parabolic approximation of the conduction
band is given by31

n = NCF3/2�	� =
�2mNkT�3/2

3
2�3 F3/2�	� , �1�

where mN is the effective mass of electrons, 	 is the reduced
Fermi level �	=EF /kT�, NC is the effective density of states
in the conduction band, and F3/2�	� is the Fermi integral

which, in the general case with an index r, is given by

Fr�	� = �
0

+� �−
�f�	�

�
�rd , �2�

where f represents the Fermi distribution function and  is
the reduced energy. For arbitrary degeneracy of the electron
gas, Eq. �1� does not have an analytical solution but, if mN is
known, it may be solved numerically, resulting in the evalu-
ation of the temperature dependence of the Fermi level.
Similar to the parabolic approximation, in the Kane descrip-
tion for the conduction band, the free carrier concentration is
given as

n =
�2mNkT�3/2

3
2�3 I3/2,0
0 �	,�� , �3�

where

Im,k
n �	,�� = �

0

� �−
�f�	�

�
�n � + �2�m

�1 + 2��k d and � =
kT

Eg
.

The nonparabolic Kane-type approximation becomes identi-
cal to the parabolic one when �=0. As it follows from Eq.
�3�, the effect of nonparabolicity is less profound at low tem-
peratures as the small kT term leads to ��0. Furthermore,
these effects should be more pronounced in Bi2Se3 than in
K2Bi8Se13, since the energy gap �Eg� is larger by a factor of
�2 in the later case. The effect of nonparabolicity is ex-
pected to be further reduced from the Bi-rich to the Sb-rich
members, as the band gap widens.

The Fermi level is governed by the electroneutrality con-
dition, which is the expression of the distribution of electrons
and holes in the conduction/valence bands and in the donor/
acceptor states. In the case of a single donor level, the neu-
trality condition is

n = p +
ND

1 + 2 exp�D + 	�
, �4�

where p is the hole concentration in the valence band, and
the second term on the right-hand side refers to the donor

FIG. 2. �Color online� The crystal structure type of the
K2Bi8−xSbxSe13 series with atom labeling, viewed down
the b axis. M�8� and M�9� are the sites that connect the
NaCl�111�- and NaCl�100�-type blocks.

FIG. 3. Temperature dependence of the free carrier concentration for x
=0.8 of the K2Bi8−xSbxSe13 series prepared with Se excess, in comparison
with the same member x=0.8 without Se excess �from Ref. 8�. Also in-
cluded are data for Bi2Se3: with two different carrier concentrations �data for
Bi2Se3 were extracted from Ref. 19�.
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level with concentration ND located at an energy ED �D

=ED /kT� below the bottom of the conduction band. If the
donor level parameters �ND and ED� are known, Eq. �4� can
be applied directly. Alternatively, ND and D can be evalu-
ated as free parameters in a nonlinear fit of the experimental
data for the carrier density n�T�, provided that mN, mP, and
Eg are known.

For a medium gap semiconductor with moderate doping,
the free carrier concentration is almost constant at low tem-
peratures �impurity saturation regime� and would rise at
higher temperatures due to intrinsic transport. In a given
temperature range, from low temperatures to room tempera-
ture, the overall variation of the free carrier concentration
��n� depends on the nature of the bands and the band gap.
As the impurity concentration ND increases, the overall
variation ��n /n� decreases; in heavily doped semiconduc-
tors, the free carrier concentration is almost temperature in-
sensitive from 10 K to 300 K. This qualitatively agrees with
the observed temperature dependence of free carriers in Bi-
rich members �Fig. 3�. As a result of this qualitative agree-
ment, we should expect a high value of impurity concentra-
tion �ND�1020 cm−3�.

2. Atomic order/disorder in K2Bi8Se13

Because of the mixed occupancy of the M /K sites �M�8�
and M�9�� recent band structure calculations on K2Bi8Se13

dealt with the following two extreme cases of ordered
arrangements:12 In case 1 there are two different configura-
tions with extreme occupancy of the M�8� and M�9� �i.e.,
K1/Bi9 and K3/Bi8� sites such that each exclusively con-
tained either K or Bi atoms �configurations I and II,
respectively�.32 In case 2 the K and Bi atoms are ordered
along the b axis creating a 1�2�1 supercell with a repeat
distance of �8.4 Å.12,33

In case 1, configuration I involves a Bi atom occupying
the M�8� �i.e., K3/Bi8� site and a K atom located at the
M�9� �i.e., K1/Bi9� site. The opposite exclusive-type occu-
pancy, i.e., a Bi atom at the K1/B9 site and a K atom at the
K3/B8 site, is referred to as configuration II. Configuration
I, both before and after the inclusion of spin-orbit interaction,
yielded a semimetallic behavior with Eg=0 and several flat-
bands in the plane perpendicular to the needle axis. Configu-
ration II after the inclusion of spin-orbit interaction also gave
Eg=0 with a band structure similar to that of configuration I.

In case 2, which involves a 1�2�1 supercell with or-
dered Bi and K distributions the band structure calculations
showed a semiconductor with Eg=0.55 eV, a value close to
the spectroscopically observed gap16 of 0.60 eV.

These results underscore the importance of the mode of
occupation of the Bi and K atoms on the M�8� and M�9�
sites. To understand the electrical properties of the
K2Bi8−xSbxSe13 series, it is essential to consider this occupa-
tion especially due to the fact that Sb incorporation in the
lattice is nonuniform. In addition, it is also important to un-
derstand the Sb incorporation in the lattice which occurs in
stages.

B. Sb incorporation in the lattice

There are eight Bi atoms that occupy nine crystallo-
graphic sites in the structure �M�1�–M�9�� out of which two
are of mixed occupancy with K �M�8� and M�9��. This can
appear as a random occupancy in these two sites or as an
ordered arrangement throughout the crystal. The former
would be akin to case 1 and the latter to case 2 described
above.

We have obtained direct experimental evidence for the
existence and extent of the “1�2�1 superstructure” in Bi-
rich members of K2Bi8−xSbxSe13 using TEM and selected
area electron diffraction. Namely, as shown in the diffraction
pattern of Fig. 4, for x=1.6 we observe Bragg spots that
appear along the b* axis half way between the �0kl� lines of
reflections. This indicates a clear doubling of the periodicity
along the b axis from 4.2 to 8.4 Å consistent with case 2.
The arrows in Fig. 4�a� indicate the position of the extra
diffracted intensity associated with long range ordering along
the b axis of K and M atoms. In addition to the Bragg su-
perlattice peaks we also observe diffuse scattering, see Fig.
4�b�, which clearly indicates the presence of disorder34 con-
sistent with case 1.

The substitution of Bi for Sb atoms does not form true
solid solutions in this system. It is, in fact, preferential19 due
to the large number of different metal sites in the structure.
In the Bi-rich region, the cell volume significantly deviates16

from Vegard’s law at compositions in the vicinity of x
=1.5–2.0. In the same compositional region, the energy gap
shows an anomaly with a minimum at x=1.5 and this is also
reflected in the higher electrical conductivity and lower See-
beck coefficient for this member �Fig. 5�a��.

The M�8� and M�9� sites that serve to join the
NaCl�111�-type and the NaCl�100�-type blocks are the most re-
ceptive to Sb atoms and they are the first ones to be substi-
tuted at small x. For x=2.97, for example, 1.50 of Sb resides
at M�8� and M�9� sites and the rest �1.47� Sb atoms are
distributed in M�1�–M�7�. For x�1.5, Sb atoms tend to oc-
cupy M�1�, M�2�, M�3�, M�5�, and M�7� sites. In contrast,
sites M�4� and M�6� accommodate Sb atoms only at high
values of x. Note that the NaCl�100�-type Bi/Se building
blocks include heavy metal sites M�1�, M�2�, M�3�, and
M�6� and the NaCl�111�-type blocks include M�4�, M�5�, and
M�7�.

At the Sb-rich side of the composition the energy gap
changes slope at x�6.0 increasing faster for higher x
values.16 The electrical conductivity shows clear semicon-

FIG. 4. Selected area electron diffraction �SAED� patterns of
K2Bi6.4Sb1.6Se13. �a� Viewed down the �1 2 0� zone axis. �b� Section inclined
with respect to the �1 1 2� zone. The black arrows indicate the positions of
supercell Bragg reflections and diffuse intensity revealing the doubling of
the b axis. The diffuse intensity is more visible in �b�.
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ducting behavior �Fig. 1�a�� and the Seebeck coefficient also
shows a p-to-n transition for the x=5.6 member �Fig. 1�b��.

The site preferences for Bi/Sb substitution are drawn in
Fig. 5�b� with Bi occupancy on each crystallographic site
versus Sb incorporation in the lattice. Obviously, for x=0 the
Bi occupancy in all M�1�–M�7� sites is 1. The dotted lines in
Fig. 5�b� are simply quadratic extrapolations for the higher
Sb content and mostly serve as a guide to the eye in order to
group together sites with similar behavior.

For the purposes of this discussion we divided the
K2Bi8−xSbxSe13 family into the following three separate com-
position regions on the basis of the observed trends in Sb/Bi
substitution35 at different sites:

Region A is a Bi-rich region, where Sb preferentially
occupies the sites M�8� and M�9�. The boundary of this re-
gion cannot be precisely defined; it is estimated that it may
extend up to x=1.5 or 1.7 since, for higher x values, the Bi
concentration on the M�8� and M�9� sites was found to be
zero.19

Region B is a midregion, where M�8� and M�9� are al-
ready mainly occupied by Sb and K. A preferential Bi/Sb

substitution appears on sites M�1�, M�2�, M�3�, M�5�, and
M�7�. These sites have a slightly distorted octahedral coor-
dination environment.10 Sites with less distorted octahedral
coordination, i.e., M�4� and M�6�, are still occupied by Bi.
Sites M�1� and M�5�, and M�2�, M�3�, and M�7� seem to
group together. We estimate that Sb substitution in these sites
to be complete at stoichiometries close to x�5.4–5.7.

Region C is a Sb-rich region, where Sb atoms begin to
dominate the M�4� and M�6� sites. These sites quickly fill
with Sb atoms at x�5.5.

C. Analysis of charge transport properties

Because the charge transport properties vary with the
fraction of Sb, the three composition regions will be dis-
cussed separately. The experimental data were analyzed
based on the electron transport theory in the context of both
the parabolic and nonparabolic band approximations as de-
scribed above.

1. Region A

Seebeck coefficient and electrical conductivity data for
the sample with x=0.8 at 4–300 K that belongs to this re-
gion are shown in Fig. 6. The Seebeck coefficient is negative
and it tends towards zero as the temperature is decreased.
The electrical conductivity shows a metallike character and
Hall effect measurements indicate a high carrier concentra-
tion.

To fit the experimental charge transport data to a physi-
cal model we consider two cases depending on the nature of
the energy gap. First is case 1, a zero-gap semiconductor
followed by case 2, a finite-gap semiconductor Eg�0 �based
on the 1�2�1 supercell�.

a. The case of zero-gap semiconductor: Case 1. The
K/Bi�Sb� occupancy distribution of case 1 gives Eg=0, and
in the absence of impurities, the neutrality condition given
by Eq. �4� becomes

�mN�3/2F3/2�	� = �mP�3/2F3/2�− 	� . �5�

As the Fr�	� integrals are monotonic functions of 	, the
solution to Eq. �5�, with respect to the reduced Fermi level,

FIG. 5. �Color online� �a� Room temperature electrical conductivity and
Seebeck coefficient with Sb incorporation. Filled circles and squares are
data from Ref. 8 and correspond to samples prepared without Se excess. �b�
Bi occupancies of each crystallographic site for specific x value �i.e., degree
of Sb incorporation�. Obviously for x=0 the Bi occupancy is 1 and sites
M�8� and M�9� contain no Sb atoms. Lines are guides to the eye. The three
different composition regions are shown as A, B, and C.

FIG. 6. Temperature dependence of the Seebeck coefficient and electrical
conductivity �4–300 K� for the member x=0.8 of the K2Bi8−xSbxSe13 series
�region A�.
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would be unique �	=	0=const� and independent of tem-
perature and would, of course, depend only on the ratio
mN /mP. The free carrier concentration would then have a
T3/2 dependence, due to the temperature dependence of the
density of states NC. The Seebeck coefficient in a parabolic
or in Kane-type approximation is expressed as31

S = ±
k

e
�Fr+2�	�

Fr+1�	�
− 	� or S = ±

k

e
� Ir+1,2

1 �	,��
Ir+1,2

0 �	,��
− 	� ,

�6�

where the index r refers to the scattering mechanism. From
the above equation the Seebeck coefficient would be ex-
pected to be temperature independent contrary to the experi-
mental data �see Fig. 6�.

In the general case where the impurities act as donors in
a zero-gap semiconductor with mP�mN �Ref. 36� there
should be no bound electrons in the donor levels; therefore
all donors will remain ionized even at T=0. The neutrality
condition based on the Fermi approximation of the conduc-
tion band then becomes

�2mNkT�3/2

3
2�3 F3/2�	� =
�2mPkT�3/2

3
2�3 F3/2�− 	� + ND. �7�

The free carrier concentration should remain constant at
low temperatures and equal to ND, which is in agreement
with the high free carrier concentration observed at low tem-
peratures. As the temperature rises, all donors remain ion-
ized, and the free carrier concentration increases monotoni-
cally due to the excitation of electrons from the valence to
the conduction band. However, because 	 is temperature de-
pendent, according to Eq. �7�, the rate of increase of free
carriers is expected to be proportional to T3/2, a dependence
that is much steeper than the one observed. Therefore, the
electron transport for the x=0.8 compound cannot be under-
stood assuming a zero-gap semiconductor. We can also con-
clude from this analysis that the crystal structure of
K2Bi8−xSbxSe13 represented exclusively by case 1 is not suf-
ficient to describe the full character of these materials.37

Consequently, we proceeded to examine case 2 in the same
context.

b. The case of finite-gap semiconductor: Case 2. In case
2 we accept a finite energy gap �Eg�0� for the system and
consider standard semiconductor statistics, with the presence
of impurities that act as electron donors �Eq. �4��. The posi-
tion of the Fermi level EF was calculated at different tem-
peratures from Seebeck measurements using Eq. �6�, and
then the free carrier concentration was evaluated through Eq.
�1�. The density of states effective mass �mN� was set as a
free parameter, so that the calculated free carrier concentra-
tion ncalc matched the experimentally measured one at high
temperatures. Namely, we considered two extreme cases of
scattering, specifically carrier scattering by acoustic phonons
�r=0� and impurity scattering �r=2�, as well as two models
describing the conduction band: the parabolic approximation
and the nonparabolic Kane-type model.

The temperature variation of the Fermi level, as calcu-
lated on the basis of the parabolic �EFF� and nonparabolic
models �EFK� for r=0, is given in Fig. 7�a�. In both cases, the

Fermi level lies well inside the conduction band. As the tem-
perature increases, the Fermi level also increases, reaching a
maximum, and when the donor levels are depleted it begins
to decrease. The temperature dependence is consistent with
the semiconductor theory. The Fermi level has higher values
for the parabolic approximation, and this accounts for the
difference in the density of states in the two approximations.
Despite this difference, both treatments give similar results
for the free carrier concentration Fig. 7�b�.

When we compare the calculated free carrier concentra-
tions, nF and nK, obtained for the parabolic and nonparabolic
model, respectively, with the experimentally measured one
�n�, we observe significant deviations especially at low tem-
peratures. Values calculated based on either model span a
much wider range than those observed experimentally. A sig-
nificant deviation between the experimental and calculated
data is also observed in the two extreme cases of scattering,
r=0 �acoustic phonons� and r=2 �impurity scattering� �Fig.
7�b��. We conclude from this analysis that a model consistent
with case 2 alone is also inadequate in accounting for the
experimental observations in any of the band approxima-
tions.

FIG. 7. �a� Temperature dependence of the Fermi level, as calculated on the
basis of parabolic �EFF� for r=0 and r=2 and nonparabolic band model
�EFK� for r=0 �Eq. �6��. �b� Temperature dependence of the experimental
free carrier concentration �n=1/RHe� and calculated on the basis of para-
bolic and nonparabolic models. Full circles correspond to experimental data
for member x=0.8.
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c. Extending the finite-gap model. As we mentioned
above, according to the band structure calculations, the en-
ergy gap is very sensitive to how the K/Bi�Sb� atoms are
distributed in the M�8� and M�9� sites of mixed occupancy
in case 1. Configurations I and II lead to a zero-gap semi-
conductor. In case 2 where the K and Bi atoms are regularly
alternated in the M�8� and M�9� sites, the system becomes a
semiconductor.

In neither case, however, can the electron transport be
explained. Since in the real system, cases 1 and 2 seem to
coexist a combined model needs to be introduced. Such a
model could be created by starting from case 2 �Eg�0� and
introducing massive disorder midgap donor states originating
from case 1.

A spectacularly better agreement is obtained if an addi-
tional constant term �N0� is included in the neutrality condi-
tion. In reference to Eq. �4�, the neutrality condition, with the
addition of the constant term, is written as

n = p +
ND

1 + 2 exp�D + 	�
+ N0. �8�

In the context of semiconductor statistics, the term N0

would act as an additional donor level with no bound elec-
tron states; this donor level is ionized even at T=0 K. To
simplify the application of the model, we considered an ap-
proximately parabolic conduction band with mN=mP, and
ED	0 eV. Both ND and N0 were left as adjustable param-
eters. The best fit was obtained for ND=3.3�1020 cm−3 and
N0=1.1�1020 cm−3, which agrees well with the measured
carrier concentration at low temperatures, Fig. 8. The exis-
tence of these shallow donor levels is essential in order to
explain the observed electron transport. Below we will dis-
cuss the nature and origin of these energy levels, which lie in
the fine details of the atomic structural arrangement.

Configurations I and II occurring perhaps as islands in-
side the 1�2�1 superstructure could create shallow energy
levels close to the conduction band, i.e., N0 sites that remain
ionized even at very low temperatures. The relative ratio of
these domains would depend on the growth conditions. In

the 1�2�1 superstructure, we have a sequence of K–Bi–
K–Bi–¯ occupancy at the M�8� /M�9� sites. Local intermix-
ing of K and Bi would lead to short sequences of ¯–K–K–
K–¯–Bi–Bi–Bi–¯ which correspond to a structure close to
configuration I and/or II.

The argument that shallow energy levels could be cre-
ated close to the conduction band is supported by band or-
bital analysis in the case of configurations I and II which has
shown that when K is at the M�9� position, the Se9 atom has
two K atom neighbors and its p orbitals are destabilized and
float to the Fermi energy giving rise to semimetallic
behavior.12 Similarly, if K is at M�8� position �configuration
II� the Se4 atom �instead of Se9� is now in the neighborhood
of two K atoms, and the Se4 p orbitals get destabilized and
float to the Fermi energy. Therefore, inclusions of domains of
configuration I or II could generate massive midgap levels
which would serve as shallow electron donors. These levels
could account for the origin of the N0 donor levels.

After the additional N0 source of carriers is taken into
account the Seebeck coefficient was recalculated, as the
weighted average of the two contributions: the semiconduct-
ing one that originates from the 1�2�1 supercell and the
semimetallic contribution arising from configuration I or II
inclusions. The Seebeck coefficient is then expressed as

S =
�smSsm + �scSsc

�sm + �sc
, �9�

where the subscripts sm and sc refer to the semimetallic and
semiconducting contributions, respectively. In the simplest
case, we assume that the carriers are scattered by the same
mechanism, and Eq. �9� can be simplified and rewritten in
terms of the free partial carrier concentrations as

Sn = nsmSsm + nscSsc, �10�

where S are experimentally measured values for the Seebeck
coefficient in a wide temperature range �4–700 K�, and n are
based on experimentally measured data �see Fig. 6� that were
fitted using Eq. �8�. Based on Eq. �8�, we first evaluated the
Fermi level and subsequently the free carrier concentration
nsc �Eq. �1�� and the Seebeck coefficient �Eq. �6��. In Eq.
�10�, nsm was taken equal to N0, and Ssm was finally calcu-
lated. As seen in Fig. 9, the measured Seebeck coefficient
�combined low and high temperature data� for the x=0.8
compound is closer to the Ssm rather than to the Ssc descrip-
tion consistent with the fact that the system is degenerately
doped by virtue of the shallow donor states.

Crystal growth conditions are expected to strongly affect
the disorder in this system and consequently the charge
transport in this region. Therefore, a gradual reduction of the
disorder through proper optimization of the crystals is ex-
pected to reduce the shallow donor levels N0. This in turn
should reduce the sm contribution and potentially enhance
the thermoelectric properties.

2. Regions B and C

In region B, the additional Sb atoms show a preferential
substitution for the sites with distorted octahedral coordina-
tion environment which are proximal to the mixed sites M�8�

FIG. 8. Temperature dependence of the free carrier concentration for the
member x=0.8 of the K2Bi8−xSbxSe13 series �region A�. The solid line is
calculated based on the neutrality condition and an additional constant term
�Eq. �8��.
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and M�9�. These are M�2�, M�3�, M�7�, M�1�, and M�5�.
The incorporation of Sb raises the energy of the conduction
band resulting in a greater energy gap. This was confirmed
experimentally in optical spectroscopic measurements.16

As the Sb content is increased �x�1.6�, the disorder at
the K/�Bi and Sb� sites should tend to decrease. The K and
Bi pair has a better ionic size match than the K and Sb pair
and concequently the disorder at the mixed sites is, in fact,
gradually eliminated as the composition changes towards the
Sb-rich end member. This is supported by detailed crystallo-
graphic studies on K2Sb8Se13, that show ordering of K and
Sb occupancies giving a structure similar to the 1�2�1
model of case 2. In this case, Sb and K are fully ordered and
alternate in the connecting sites M�8� and M�9�, doubling the
crystallographic axis in that direction.38

The gradual elimination of the disorder at M�8� and
M�9� is expected to remove the midgap levels �the source of
N0� and reveal the semiconducting character of
K2Bi8−xSbxSe13. This, however, does not yet happen at x
=1.6 and the large number of shallow donor levels persists or
even grows. Indeed the x=1.6 compound �a “marginal”
member at the boundary between regions A and B� shows a
lower Seebeck coefficient than the one with x=0.8 suggest-
ing a higher free carrier concentration �Figs. 6 and 10�a�,
respectively�. The Fermi level analysis based on Eq. �6� con-
firms this suggestion as it shows that the Fermi level lies at a
higher energy for the x=1.6 compound than for the x=0.8
compound, Fig. 11. If we apply the same analysis of Eq. �8�
in the x=1.6 compound, we obtain N0=1.65�1020 cm−3.

Seebeck coefficient and electrical conductivity data for
compounds with x=2.4, and 4.0, which lie well inside region
B, are shown in Fig. 10. The Seebeck coefficient is negative
for all samples in the temperature range of 4–300 K. The
temperature dependence of the Seebeck coefficient and elec-
trical conductivity exhibits similar characteristics as in the
Bi-rich region A, but becomes more pronounced at higher x
values. At x=2.4 and 4.0, the increase in the absolute value
of the Seebeck coefficient �see also Table I� suggests the
gradual elimination of the shallow donor levels, Fig. 10�a�.

The Fermi level moves lower in energy at higher Sb concen-
trations, see Fig. 11 for x=4.0. The electrical conductivity
also decreases and this is consistent with fewer n-type carri-
ers �Fig. 10�b��.

In region C the additional Sb atoms are observed to in-
vade the last heavy metal sites �M�4� and M�6�� in the crys-

FIG. 9. Temperature dependence of the experimental and calculated See-
beck coefficient �4–700 K� based on both semiconducting �sc� and semi-
metallic �sm� contributions �Eq. �10��. Full circles correspond to experimen-
tal data for member x=0.8 for temperatures up to 700 K.

FIG. 10. Temperature dependence of �a� Seebeck coefficient and �b� elec-
trical conductivity for the members x=1.6, 2.4, and 4.0 of the
K2Bi8−xSbxSe13 series �region B�.

FIG. 11. Comparison of the Fermi level of x=0.8 �region A� and x=1.6 and
4.0 �region B� of the K2Bi8−xSbxSe13 series.
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tal lattice. These compounds acquire a p-type character. The
Seebeck coefficient of K2Sb8Se13 �x=8.0� is positive at �
+730 �V/K at room temperature �see Table I�. The x=8.0
compound has a large Eg�0.8 eV and the electrical conduc-
tivity is the lowest of all members �0.01 S/cm at room tem-
perature�.

The change from n to p character with the increasing Sb
atom content occurs somewhere between regions B and C.
We studied the compound with x=5.6 which lies in region C
yet close to the boundary with region B. The Seebeck coef-
ficient is positive at low temperatures and at �100 K it be-
comes negative, Fig. 12. This indicates a change in the pre-
dominant carrier from holes to electrons. At temperatures
above 150 K the Seebeck coefficient appears as almost tem-
perature independent at �−370 �V/K up to room tempera-
ture. The electrical conductivity for the compound with x
=5.6 increases rapidly with rising temperature reaching
�60 S/cm at 300 K. The thermally activated charge trans-
port behavior is consistent with the observed transition of the
Seebeck coefficient �Fig. 12�. This suggest that the so-called
shallow donor levels N0 discussed above are not as shallow
in this case and their energy distance �D� from the bottom of
the conduction band is the one that the electrons are excited
across above 100 K. At higher Sb concentration, the energy
gap between the donor levels and the conduction band in-
creases further and the p-to-n transition temperature is ex-
pected to appear at higher temperatures �Fig. 13�. The ex-
treme Sb-end member exhibits thermally activated p-type
conduction at room temperature with no evidence of donor
levels.

IV. CONCLUDING REMARKS

Physical insights concerning structure-property relation-
ships in the K2Bi8−xSbxSe13 series were obtained from stud-
ies of charge transport properties. Increasing incorporation of
Sb in K2Bi8Se13 leads to an enhancement of the semicon-
ducting character and a gradual conversion from n- to p-type
transport. The property evolution is not monotonic with com-
position due to the nonuniform Bi/Sb/K substitution and
distribution.

The transport in these materials particularly for x�5.6
can be understood in the context of coexisting semimetallic
and semiconducting domains in the crystal. On the Bi-rich
side, a finite-gap semiconductor model, with the addition of a
significant concentration of shallow donors �N0�, which re-
main ionized even at low temperatures accounts for the free
carrier behavior. The origin of the N0 donors seems to be
associated with degree of order or disorder at the mixed oc-
cupancy M /K sites. The coexistence of the M /K disorder
and long range ordering on the M /K sites which was shown
by electron diffraction is responsible for the observed charge
transport properties of these materials. Therefore careful con-
trol of the growth conditions may reduce the semimetallic
contributions and permit a significant enhancement of the
thermoelectric properties through the change of the degree of
disorder at the K/M sites.

When the content of Sb increases toward the Sb-rich end
of the series, the disorder is reduced and finally eliminated in
end compound K2Sb8Se13. Beyond the normal increase of
the band gap with Sb incorporation, the gradual elimination
of the disorder reveals a progressively more semiconducting
character of K2Bi8−xSbxSe13. As the N0 source of free elec-
trons is depleted, the p character is strongly enhanced.

The n- to p-type evolution with rising Sb fraction in the
series K2Bi8−xSbxSe13 occurs at the boundary of composi-
tional regions B and C. This seems to be a critical region in
which the system changes transport behavior and is of great
interest for future studies. It needs to be further investigated
by studying compounds with x�5.5. It is clear that materials
in this region exhibit enormous thermopower and have the
potential to produce a high power factor ��S2� at high tem-
perature.
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FIG. 12. Temperature dependence of the Seebeck coefficient and electrical
conductivity for the member x=5.6 of the K2Bi8−xSbxSe13 series �regions B
and C�. FIG. 13. Schematic of the relative position of the donor states N0 in the

band structure of K2Bi8−xSbxSe13 as a function of x. The greater the Sb
fraction the higher the position of the conduction band �CB� and the larger
the energy separation of the donor states N0. The top of the valence band
�VB� remains relatively intact as it is dominated to Se p orbitals.
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